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The molecular structures of enzyme mimics may be modified to optimize their catalytic properties. In
this study, to generate artificial enzyme mimics, Watson–Crick base paired DNA duplexes were designed
as scaffolds which were assembled by nucleotides modified with specific functional groups. This process
allowed various functional groups to be precisely assembled at different sites on the duplexes. By using
this strategy, the 5-[2-(1H-imidazolyl-4)-(E)-ethylene]-20-deoxythymidine (1) analog with the 5-substi-
tuted imidazolyl group was incorporated into single strands of DNA. Upon DNA duplex formation, several
combinations of the imidazolyl group were formed. Using p-nitrophenyl acetate as the substrate of the
catalytic reaction, we evaluated the hydrolysis capabilities of the imidazolyl assemblies. The catalytic
ability was closely related to the distribution of imidazolyl groups in the DNA duplex. The most effective
catalytic center was that of the duplex O5–O6 construct with three imidazolyl groups. This construct dis-
played bell-shaped pH-dependent and Mg2+-independent kinetic curves, which are typical characteristics
of imidazolyl-mediated catalytic reactions.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The design and synthesis of artificial enzymes are important
challenges in the field of enzyme research. Researchers have ex-
plored the possible use of skeleton molecules, including small mol-
ecules [1–3], metal complexes [3–11], cyclodextrin [12–15],
polyamines [16,17], dendrimers [18], peptides [19,20], and oligo-
nucleotides [21–25], to support combinations of amino, imino,
guanidinyl, and/or imidazolyl functional groups. These functional
groups are arranged depending on the catalytic center of the par-
ticular enzyme being mimicked [26]. The imidazolyl group has
been frequently applied in enzyme-mimicking studies. In particu-
lar, it has been used to construct superoxide enzyme [27], nuclease
[28–32], and serine proteinase mimics [33]. Imidazolyl displays a
near-neutral pKa, enabling it to function as either a proton-donor
or proton-acceptor in proton-transfer reactions. However, no any
mimic has been able to replicate the precise catalytic properties
of an enzyme so far. Moreover, the construction of functional group
combinations has been limited by the skeleton molecules
themselves.

We have developed a strategy to design enzyme mimics by
using polymeric materials with definite tertiary structures as the
skeleton molecules. The most attractive candidate materials are fi-
ll rights reserved.
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nely ordered complexes of peptides or oligonucleotides, because
their components can be used as building blocks for various func-
tional groups. The designed molecular assemblies can be conve-
niently formed so that all of the functional groups are precisely
located, allowing the exploration of the specific functions of the
assemblies. We have used the six-helix bundle (6HB) peptide to
support the imidazolyl group combination through the site-spe-
cific introduction of histidines, which conduct the enzyme-like
hydrolytic activity towards p-nitrophenyl acetate (PNPA) [34].

In this paper, we report the use of oligodeoxynucleotides
(ODNs) as skeleton molecules. Because ODNs form specific and ri-
gid tertiary structures, by incorporating modified residues into the
ODNs, we were able to create differentially distributed functional
groups in the tertiary structures [33,35]. Using this method, we ob-
tained several combinations of imidazolyl groups in the DNA du-
plex O1–O2, namely, 50-d(CGG CCT TAT CGC GC)-30 (O1) paired
with 30-d(GCC GGA ATA GCG CG)-50 (O2) modified with nucleoside
analog 1 (Fig. 1) at various designed sites. We evaluated the hydro-
lytic activities of these enzyme mimics on the ester bond of PNPA.
2. Materials and methods

2.1. ODNs

All of the ODNs used in this study were synthesized on an ABI
392 nucleic acid synthesizer (Applied Biosystems, USA) at a
1-lmol scale, according to the dimethoxytrityl (DMT)-off
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Table 2
The mobs and k2 values of PNPA hydrolysis mediated by different assemblies of
imidazolyl groups in the DNA duplexesa.

Name Sequence mobs (M�1 S�1) k2 (M�1 S�1)

Control 1b PNPA alone in buffer 6.78E�10 –
Control 2c Imidazole and PNPA 1.43E�09 8.39E�02
O1–O2 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GCT ATT CCG GC)-50
8.50E�10 5.72E�02

O1–O3 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GCT A1T CCG GC)-50
8.28E�10 5.00E�02

O1–O4 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GC1 ATT CCG GC)-50
8.77E�10 5.66E�02

O5–O2 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GCT ATT CCG GC)-50
8.93E�10 7.18E�02

O1–O6 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GC1 A1T CCG GC)-50
2.04E�09 4.55E-01

O5–O3 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GCT A1T CCG GC)-50
1.39E�09 2.37E�01

O5–O4 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GC1 ATT CCG GC)-50
1.44E�09 2.55E�01

O5–O6 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GC1 A1T CCG GC)-50
2.49E�09 6.04E�01

O5–O7 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GCT A11 CCG GC)-50
1.39E�09 2.41E�01

a 150 lM PNPA substrate and 20 lM duplex were mixed in the reaction buffer
and reacted at 25 �C.

b Only PNPA was added to the buffer.
c 60 lM imidazole was used in lieu of the DNA duplex.

Fig. 1. Compound 1 as the replacement of 20-deoxythymidine in the DNA duplexes.
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phosphoramidite chemistry protocol (the preparation procedure of
phosphoramidite of compound 1 is provided as Supplementary
material). The ODNs were cleaved and deprotected by heating
them with concentrated aqueous (conc. aq.) ammonia at 55 �C
for 18 h. Purification was performed by reverse-phase high-perfor-
mance liquid chromatography with the following solvent gradient
series: [A: 0.07 M (Et3NH)OAc (pH 7.0)/MeCN 95:5; B: MeCN]: 0–
2 min, 2% B in A, 2–12 min, 2–16% B in A, at a flow rate of 1.0 mL/
min. Desalting was performed on a SEP-PAK column (300 Å/
360 mg; Waters, USA). The product was lyophilized and character-
ized by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (Supplementary Table S1) performed on a Kratos
Axima-CFR™-plus mass spectrophotometer (Shimatzu, Japan) with
20,40,60-trihydroxyacetophenone (THAP) as the matrix.

2.2. Kinetics measurement

The hydrolysis reaction with PNPA substrate was conducted in
96-well plates (Costar, USA) and monitored by detecting increases
in absorbance (at 405/320 nm) corresponding to the release of 4-
nitrophenolate with a spectra M5 spectrophotometer (Molecular
Devices, USA). The absorbance spectra were selected by the maxi-
mal absorbance of p-nitrophenol occurred at 320 nm (for pH < 6)
or 405 nm (for pH > 6). The 96-well plates were thermo-sealed to
avoid evaporation during the measurements. The following buffers
were used as reference solutions (each at 50 mM): NaOAc (pH 4.0,
4.5, 5.0), MES (pH 5.5, 6.0, 6.5), HEPES (pH 6.75, 7.0, 7.5, 8.0, 8.5),
and sodium borate (pH 9.0, 9.5).

The rate of hydrolysis of PNPA by the duplexes in Table 2 was
determined under the conditions of 20 lM duplex and 150 lM
PNPA. One equivalent of EDTA (relative to the duplex concentra-
tion) was added to exclude the effect of the divalent metal ions. Be-
Table 1
Tm of DNA duplexes measured under reaction conditionsa.

Name Duplex Tm (�C)

O1–O2 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GCT ATT CCG GC)-50
68.8

O1–O3 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GCT A1T CCG GC)-50
67.8

O1–O4 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GC1 ATT CCG GC)-50
66.9

O5–O2 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GCT ATT CCG GC)-50
67.0

O1–O6 50-d(GCG CGA TAA GGC CG)-30

30-d(CGC GC1 A1T CCG GC)-50
66.0

O5–O3 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GCT A1T CCG GC)-50
66.0

O5–O4 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GC1 ATT CCG GC)-50
65.8

O5–O6 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GC1 A1T CCG GC)-5’
62.0

O5–O7 50-d(GCG CGA 1AA GGC CG)-30

30-d(CGC GCT A11 CCG GC)-50
62.2

a Measured in the reaction buffer with 5 lM ODN.
cause of the poor solubility of PNPA in water, the stock solution
was prepared in acetonitrile and diluted into the buffer. The max-
imal acetonitrile concentration in the final reaction mixture was
2%. Buffer alone was used as the negative control (Control 1), and
buffer containing 60 lM imidazole alone was used as the positive
control (Control 2).

For each duplex measurement, the absorbance was plotted
against time. The points were then adjusted by linear regression
with the OriginPro 7.5 software package. The value of the slope
was divided by the extinction coefficient to determine the hydroly-
sis rate for the particular duplex. The background hydrolysis rate of
PNPA (150 lM) in buffer was defined as vuncata. The rate enhance-
ment (vnet) of each duplex was calculated as the observed reaction
rate (vobs) minus the vuncata. To obtain the second-order rate con-
stant (k2), the background reaction was subtracted from the mea-
sured pseudo-first-order rate and divided by the initial
concentration of catalyst (E0) and substrate (S0). Each data point
represented the average of triplicate experiments run in parallel.
The error limits were estimated to be in the range of ±10%.

Saturation kinetics experiments were performed in a reaction
buffer solution (50 mM HEPES and 50 mM MgCl2, pH 7.2) at
25 �C with 15 lM of duplex O5–O6 and various concentrations of
PNPA (50, 100, 200, 500, 1000, and 2000 lM). Three batches of du-
plex O5–O6 had essentially identical activities (±10%). Initial veloc-
ities calculated from the linear portion of the absorbance slope at
405 nm (<5% of substrate consumed) were plotted against S0 to ob-
tain the Michaelis–Menten plot, by using a standard fit with the
following equation:

vnet ¼ kcat½E0�½S0�=ð½S0� þ KmÞ:
3. Results and discussion

By using the oligos O1 and O2 together with the modified se-
quences O3–O7, eight different modified DNA duplexes were
formed, as evidenced by their Tm values (Table 1). The Tm values
of the DNA duplexes were all much higher than 25 �C (i.e., the cat-
alytic reaction temperature). This observation indicates that the
DNA duplex was the main component in the reaction mixture.
Thus, a stable DNA duplex as the skeleton molecule of the
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imidazolyl group assemblies had been achieved under the catalytic
reaction conditions.

3.1. Hydrolytic activity of the modified DNA duplexes with various
assemblies of imidazolyl groups

As shown in Table 2, the modified duplexes O1–O3, O1–O4, and
O5–O2 that harbored only one imidazolyl group each exhibited
cleavage rates that were similar to those of the unmodified duplex
O1–O2. This finding may indicate that the only one imidazolyl
group from each duplex appeared to be ineffective, due to lack of
imidazolyl group cooperation between the duplexes. In contrast,
the duplexes with two imidazolyl groups combined, O1–O6, O5–
O3, and O5–O4, showed faster rates of PNPA cleavage. This obser-
vation may indicate that two imidazolyl groups within a duplex
interacted in a cooperative manner, promoting the effective cata-
lytic hydrolysis of PNPA. It is reasonable that different combina-
tions should yield different rates of catalytic enhancement. Motif
1A1 in duplex O1–O6 (k2 = 0.455 M�1S�1) seemed to be more
appropriately positioned for function in the duplex context. How-
ever, the single sequence of O6 with motif 1A1 showed less-effi-
cient hydrolysis under the same conditions (k2 = 0.367 M�1S�1).
This result indicates that the two imidazolyl groups in a duplex
or in a single stranded ODN are in totally different conformation
and cooperative state. The spacial distributions and relatively fixed
positions of the imidazolyl groups brought by the rigid tertiary
structure of duplex can affect the cooperative efficiencies.

The two duplexes with three imidazolyl groups assembled in
the duplexes, namely O5–O6 and O5–O7, also mediated the cata-
lytic hydrolysis of PNPA (Table 2). However, duplex O5–O6 demon-
strated a much faster reaction time compared to duplex O5–O7.
Thus, the two-imidazolyl group combination defined by 1A1 (as
occurred in both O1–O6 and O5–O6) appears to be an effective mo-
tif for the future design of catalytic centers.

The hydrolytic rates of the duplexes containing two or three
imidazolyl groups were enhanced compared to the rates of the free
imidazole solutions. This finding further confirms that the imidaz-
olyl groups cooperate within the duplex context. Such cooperative
activities have been observed in other artificial enzyme systems
with imidazolyl groups.

3.2. Kinetic characterization of duplex O5–O6

Under multiple-turnover conditions, the rate of PNPA hydroly-
sis by duplex O5–O6 was determined over a range of substrate
concentrations with steady-state kinetics treatment (Fig. 2). Hof-
Fig. 2. Reaction rate of duplex O5–O6 vs. concentrations of the substrate (S) PNPA.
stee analysis of the data gave a Km value of 618.2 lM and a kcat va-
lue of 3.91 � 10�4 S�1. These findings suggest Michaelis–Menten
behavior for this duplex. The kcat value of duplex O5–O6 indicate
that the catalyzed reaction was 123-fold more efficient than back-
ground hydrolysis (kuncat = 3.19 � 10�6 S�1). In addition, the kcat/Km

value (6.32 � 10�7 lM�1S�1) was 6.3-fold higher than that of the
imidazole solution (1.00 � 10�7 lM�1S�1). These data indicate that
duplex O5–O6 mediated the effective catalytic hydrolysis of PNPA.

Conformational changes in the DNA helix are reversible, unlike
those of many protein enzymes. Therefore, we investigated
whether the catalytic center could be recovered. When duplex
O5–O6 that had been reacted with PNPA was extracted from the
original reaction buffer and re-incubated with fresh PNPA, the du-
plex continued to show catalytic behavior (Supplementary Fig. S1).
Therefore, the catalytic center based on the DNA helix was
recoverable.

3.3. Effect of divalent metal ion Mg2+ on the catalytic capability of
duplex O5–O6

Mg2+ is an important factor for many protein and nucleic acid
enzymes, playing both structural and mechanistic roles. In the
present system, Mg2+ was used to stabilize the DNA duplexes,
but we wondered whether it was also involved in the hydrolytic
reaction. We observed that the duplex O5–O6 mediated the cata-
lytic hydrolysis of PNPA in the absence of Mg2+, although the rate
of hydrolysis was slightly slower than the rate under conditions
with Mg2+ (Supplementary Fig. S2). This phenomenon further dem-
onstrates that the imidazolyl group combination in duplex O5–O6
was responsible for the catalytic hydrolysis. The slightly faster rate
of O5–O6 in the presence of Mg2+ suggests that Mg2+ affected but
was not absolutely necessary for the catalytic activity of the du-
plex. We speculate that Mg2+ may contribute to the reaction by
increasing the helix-binding stability of certain duplexes, specifi-
cally those in which the imidazolyl groups show an effective spa-
tial distribution.

3.4. Effect of pH on the reaction of duplex O5–O6

Both imidazolyl and imidazolium are required for the proton
transfer during imidazolyl-catalyzed hydrolysis. Thus, imidazolyl-
catalyzed hydrolysis is characterized kinetically by a bell-shaped
pH-dependent curve. As shown in Fig. 3, the duplex O5–O6 pro-
duced the characteristic bell-shaped curve for pH, with an opti-
mum pH range of 6.5–7.0. This finding indicates that at least two
imidazolyl groups were cooperatively located within the duplex
O5–O6, such that the existence of both basic imidazolyl and pro-
tonated imidazolium facilitated the proton transfer. When the
pH-modulated equilibrium reached its maximum level, the reac-
tion was greatly enhanced.

3.5. Molecular modeling of the spatial distribution of the imidazolyl
groups of duplex O5–O6

The molecular structures of the duplexes O5–O6 and O5–O7
were determined computationally to gain insight into the relation-
ship between the spatial distributions of the imidazolyl groups and
their catalytic behaviors (for molecular dynamics calculation
methods, see Supplementary materials) [36].

As shown in Fig. 4, the modeling results indicated the integrity
of the DNA duplex conformation for both O5–O6 and O5–O7. In
each duplex, the imidazolyl group assemblies were located in the
major groove. The moderate freedom of the ethenyl linkage is ex-
pected to permit a limited scope of movement for the imidazolyl
group. Based on these observations, the spatial distribution of the
functional group assemblies could be further manipulated (e.g.,



Fig. 3. pH dependence of the second-order rate constant k2 for duplex O5–O6
during hydrolysis of PNPA.

Fig. 4. Molecular structures of duplexes O5–O6 (A) and O5–O7 (B).
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by the positioning of the modified residues or linkages of the func-
tional groups) to achieve an even closer representation of the cat-
alytic center of the natural enzyme.

The use of DNA duplexes as skeleton molecules allows for the
convenient generation of flexible imidazolyl group assemblies.
With this approach, both the number of modified residues and
their positions within the ODNs may be specified. In this study,
we generated eight imidazolyl group assemblies. Of the duplexes
that were studied, the duplex O5–O6 demonstrated the best
hydrolysis of PNPA and a pH-dependent kinetics profile, similar
to that of other imidazolyl-containing catalytic centers. Future
studies will focus on optimizing the geometric structure of the
imidazolyl group in this duplex. Our findings indicate that modi-
fied ODNs with various functional groups and tertiary DNA struc-
tures are feasible sources for generating functional group
combinations with specific functions. In addition, this strategy
may be developed for applications other than artificial enzymes.
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